A, the tree reconstructed based on trnK gene sequences; B, the tree reconstructed based on combined 18S rRNA-trnK gene sequence data. The trees were outgroup-rooted using the sequence data of Hedychium spicatum. Branch lengths were calculated by Kimura's two-parameter method and mapped along each branch. CN, The Chinese population; JP, The Japanese population; pl, purple-cloud type; gl, pubescent type.
vigorating blood circulation, promoting digestion to alleviate pain, and as a cholagogic in traditional Chinese medicine, respectively. In Japan, "Gajutsu," "Ukon" and "Haruukon" have been used as a stomachic, a cholagogic, and a health food, respectively. Although the above-named herbal drugs, except "Haruukon," are prescribed in Chinese and Japanese Pharmacopoeia, 3, 4) and in the Standards of Crude Drugs outside Japanese Pharmacopoeia, 5) there is overlapping and confusion about the botanical origins, usable parts, scientific and commercial names, and clinical uses of these drugs. Recent pharmacological studies have demonstrated that the rhizomes of C. longa and C. zedoaria from China expressed antiallergic 6) and hepatoprotective activities, 7) respectively. Phytochemical study showed that there were two chemotypes in different sources of C. longa and C. xanthorrhiza as shown by their bisabolane-type sesquiterpenoid composition. 8) Because Curcuma plants and drugs are very similar in morphology, a correct identification is difficult, besides Curcuma drugs have several botanical origins. We were interested in genomic differences among Curcuma species including chemotypes. Using a molecular method such as random amplified polymorphic DNA (RAPD), 9) phylogenetic analysis of some Curcuma species has been performed to identify their botanical origins. However, the RAPD method was not suitable for an ultimate identification of Curcuma drugs, because the results were influenced by the experimental conditions. We previously demonstrated that comparing sequences of the 18S ribosomal RNA gene and plastid matK gene was a powerful tool to authenticate herbal drugs. 10) The matK gene occurs as a 1.5 kb region embedded within a 2.6 kb intron of the transfer RNA gene for lysine (trnK).
11) Accordingly, the use of trnK gene sequence may provide more information for drug identification when compared with that obtained from matK gene sequence. In the present paper, the 18S rRNA gene and trnK gene sequences of 6 Curcuma species used medicinally in China and Japan were determined and compared in order to develop an ultimate identification of Curcuma drugs.
MATERIALS AND METHODS

Plant Materials
Six Curcuma species and one Hedychium spicatum SMITH including 28 specimens were examined. The 6 Curcuma species are as follows: Curcuma longa L., C. phaeocaulis VAL., C. zedoaria (CHRISTM.) ROSC., C. kwangsiensis S. G. LEE et C. F. LIANG, C. wenyujin Y. H. CHEN et C. LING, and C. aromatica SALISB. The plant specimens used in this study were identified by the authors with the help of Prof. Liu N., Prof. Fang D., and Dr. Xiao X. H. Collection data is summarized in Table 1 , along with the voucher numbers. All of the plant specimens were stored in the Museum of Materia Medica, Institute of Natural Medicine, Toyama Medical and Pharmaceutical University (TMPW), Japan.
Isolation of Total DNA, PCR Amplification, and Sequencing Reaction Total DNA was extracted from 100-200 mg of fresh rhizomes, tubers, or leaves, using a CTAB miniprep method. 12 Curcuma drugs have been used discriminatingly for invigorating blood circulation, promoting digestion, and as a cholagogic in China. However, there is confusion about the drug's botanical origins and clinical uses because of morphological similarity of Curcuma plants and drugs. In order to develop an ultimate identification, molecular analysis based on 18S rRNA gene and trnK gene sequences were performed on 6 Curcuma species used medicinally in China and Japan. The 18S rRNA gene sequences were found to be of 1810 bps in length. In comparison with the common sequence of C. longa, C. phaeocaulis, C. wenyujin and C. aromatica, that of C. kwangsiensis had one base substitution, and the same base difference was observed between the Chinese and the Japanese populations of C. zedoaria. The trnK gene sequences were found to span 2698-2705 bps. There were base substitutions, small deletions or insertions at some sites between the trnK coding region and matK region among each species. Based on the base substitutions, C. zedoaria and C. kwangsiensis specimens were divided into two groups, respectively. An identical sequence was detected in C. phaeocaulis and in the Chinese population of C. zedoaria, as well as in the Japanese population of C. zedoaria and in one group of C. kwangsiensis with a purple-colored band in leaves. New taxonomic information to be used for authenticating Curcuma drugs was obtained.
was performed using 10-100 ng of total DNA as a template in 50 ml of reaction mixture consisting of 10 mM Tris-HCl (pH 9.0), 50 mM KCl, 0.1% Triton X-100, 1.5 mM MgCl 2 , 0.2 mM of each dNTP, 1.5 U Taq polymerase (Promega, U.S.A.), and 0.25 mM of each primer. Two pairs of primers flanking 18S rRNA gene and trnK gene regions were as follows. 18S-5ЈF (5Ј-CAACCTGGTTGATCCTGCCAGT-3Ј) and 18S-3ЈR (5Ј-CTGATCCTTCTGCAGGTTCACCTAC-3Ј) for 18S rRNA gene; trnK-3914F (5Ј-TGGGTTGCTAACTCAATGG-3Ј) and trnK-2R (5Ј-AACTAGTCGGATGGAGTAG-3Ј) for trnK gene. PCR amplifications were carried out in a Thermal Controller PTC-100 (MJ Research Inc., U.S.A.) as cycling conditions shown below. 18S rRNA gene: one cycle consisting of 94°C for 3 min and 65°C for 8 min, followed by 30 cycles of 94°C for 40 sec and 65°C for 8 min, and a final extension at 72°C for 30 min; trnK gene: hot start at 94°C for 3 min, followed by 35 cycles 94°C for 1 min, 52°C for 1 min, 72°C for 2.5 min, and a final extension at 72°C for 10 min. The 1/10 vol of PCR product was resolved by 1.0% agarose gel electrophoresis and then the remaining part was purified using a QIAquick PCR Purification Kit (QIAGEN, Germany). Sequencing reaction of the purified PCR products were carried out using a Thermo Sequenase Cycle Sequencing Kit (Amersham, U.S.A.) with a set of fluorescent-labeled sequencing primers.
Sequencing and Phylogenetic Analysis Each sequence was determined directly by a 4000L DNA Sequencer (LI-COR, U.S.A.) and analyzed using the BaseImagIR program (Version 4.0, LI-COR, U.S.A.). The obtained DNA sequences were assembled, and consensus sequences were constructed by the AutoAssemble program (Version 1.3.0, Applied Biosystems, U.S.A.). The boundaries of both trnK coding region and matK region were determined by comparison with the sequences of rice.
13) The phylogenetic trees were reconstructed by UPGMA method using the computer program PAUP* (Version 4.0b4a, Sinauer Assoc. Inc., U.S.A.). Branch lengths were calculated by Kimura's two-parameter method. Bootstrap (1000 replications) analysis was performed to estimate the confidence of topology of the consensus tree.
RESULT
DNA Isolation and PCR Amplification
The DNAs with a size of about 20 kb were obtained from the Curcuma and Hedychium species. The PCR products from each species of the 18S rRNA gene and trnK gene regions showed a single band in the electrophoresis profile, corresponding to approximately 1.8 and 2.7 kb in length, respectively (Fig. 1) .
18S rRNA Gene Sequence The 18S rRNA gene sequences of the 6 Curcuma and one Hedychium species were found to be 1810 base pairs (bps) in length, and quite conservative among 6 Curcuma species. Compared with the common sequence of Curcuma longa, C. phaeocaulis, C. wenyujin and C. aromatica, only one base transversion-substitution from cytosine to thymine was observed (from upstream) at nucleotide position 234 in C. kwangsiensis. C. zedoaria was divided into two groups, the Chinese and the Japanese popu- lations on the basis of the base substitution at nucleotide position 234. The nucleotide sequence of the Japanese population obtained from Yakushima (Komatsu 06) and Tanegashima (Komatsu 07) Islands, Kagoshima Prefecture of Japan was identical to that of C. kwangsiensis, whereas the sequence of the Chinese population obtained from Chongqing (Cao 9959), Yunnan (Cao 9928) and Guangdong (Xiao 05) Provinces of China, to that of the other 4 Curcuma species (Fig. 2) .
trnK Gene Sequence The entire trnK gene was found to vary in length from 2698 to 2705 bps depending on the species. Moreover, even in the same species, one base deletion was observed. The sequence of C. longa was 2699 or 2698 bps, C. kwangsiensis 2702 or 2701 bps, C. wenyujin 2702 bps, C. phaeocaulis 2704 bps and C. aromatica 2705 or 2704 bps in length, respectively. The Chinese and Japanese populations of C. zedoaria were also characterized by different length and sequence in the trnK gene region, consisting of 2704 and 2701 bps, respectively. The alignment of sequences indicates that the domain of the trnK gene is highly conserved among the 6 Curcuma species, particularly in the matK gene region, whose sequences were identical to each other. However, there were base substitutions and small deletions or insertions at some sites between the trnK coding region and matK region among the specimens. In comparing the sequences of 5 Curcuma species except C. aromatica, three base substitutions were observed (from upstream) at nucleotide positions 177, 200 and 531 between the trnK 5Ј-coding region and the matK gene region, while one base substitution was present at nucleotide position 2575 between the matK gene region and trnK 3Ј-coding region. The number of poly thymine observed from nucleotide position 501 varied from 10 to 14, depending on species or specimens. In addition to these variations, the sequence of C. phaeocaulis possessed a 4-bp insertion repeat from nucleotide position 728 to 731, which was identical to that of the Chinese population of C. zedoaria. In C. aromatica, a 9-bp deletion from 714 to 722 and a 14-bp insertion repeat from 750 to 763 besides the base substitutions at 146, 147, 645, 2511 and 2602, were observed (Fig. 3) . The specimens of C. kwangsiensis were divided into two groups on the basis of nucleotide differences at positions 177, 200, 531 and 2575. One group possessed the sequence as adenine, cytocine, guanine and adenine at each position, whereas another group as thymine, thymine, thymine and cytocine, respectively. Morphologically, the former specimens (He 03, Cao 9905 & 9915) had leaf blades with a purple-colored band shaped like a cloud along the midrib and lateral separate spikes (we call these the purplecloud type), whereas the latter specimens (Cao 9911 & 9923) had pubescent leaf blades without a purple band and central, terminal spikes (we call these the pubescent type). The sequence of the purple-cloud type of C. kwangsiensis was identical to that of the Japanese population of C. zedoaria. The sequence of Hedychium spicatum was found to be of 2684 bps in length. The base substitution numbers among the 6 Curcuma species ranged from 0 to 7, less than the numbers between each Curcuma species and H. spicatum, 18-27 (Table 2) .
Phylogenetic Analysis The phylogenetic tree reconstructed based on the trnK gene sequences using the UPGMA method showed that C. aromatica was separated from the other 5 species with 100% in bootstrap value, and subsequently C. wenyujin and the pubescent type of C. kwangsiensis, both having an identical sequence, were separated from the others. C. phaeocaulis and the Chinese population of C. zedoaria, whose sequences were identical, formed one cluster together with C. longa, separating from another cluster of the Japanese population of C. zedoaria and the purple-cloud type of C. kwangsiensis (Fig. 4A) . Moreover, in order to make the sequence data of 18S rRNA gene reflect the phylogenetic tree, the combined 18S rRNA-trnK gene analysis was performed using same method. Although the topologies of two phylogenetic trees were found to be similar, the evolutionary distance between C. wenyujin and the pubescent type of C. kwangsiensis was established (Fig.  4B ). The phylogenetic relationship among six Curcuma species based on the combined 18S rRNA-trnK gene sequence data did not correspond to that based on the morphological characteristics such as the position of spikes, the presence or absence of leaf hairs, and the color of coma bracts and rhizomes. However, it did correspond to that based on the presence or absence of the purple band on the leaves. 
DISCUSSION
The Japanese "Gajutsu," called "Ezhu" in Chinese, seems to have been first named C. zedoaria by Koizumi in 1893. 14) Following Koizumi's naming, many books on Chinese botany and taxonomy in China, up until the 1970's, used C. zedoaria as the scientific name of "Ezhu." However, in 1981, Chen changed the scientific name from C. zedoaria to C. aeruginosa ROXB. after his investigation of morphological characteristics and of the botanical and medicinal history of "Ezhu". 15) Shortly thereafter, Wu and Liu found that the following morphological characteristics of "Ezhu" produced in China corresponded to Valeton's descriptions for C. phaeocaulis 16) and were different from those of the genuine C. zedoaria or C. aeruginosa 17) ; the various color of the rhizome from yellow, yellowish green to greenish or bluish gray, the dark purple-colored sheath, the color of the coma bracts which is pale red at the apex and whitish green at the base, and the red-colored corolla lobes. Now, instead of C. zedoaria or C. aeruginosa, C. phaeocaulis has been recorded as the official scientific name of this plant in Chinese Pharmacopoeia.
3) Based on our gene analysis from the 18S rRNA and trnK gene sequences, the Chinese population of C. zedoaria seemed to be the same species as C. phaeocaulis. The Japanese population of C. zedoaria was also doubtful to be genuine C. zedoaria originating from India, which is 80-100 cm in height, yellow to deep yellow on the inside of the rhizome and has fruits.
18) The Japanese population of C. zedoaria is 100-150 cm in height, bluish gray on the inside of the rhizome and has no fruits. Further gene analysis for genuine C. zedoaria from India will be needed to clarify whether the naming of Japanese population of this plant is correct or not.
After investigating the morphological changes in cultivated C. kwangsiensis, Chen first divided C. kwangsiensis into two varieties, C. kwangsiensis S. G. LEE et C. 15) The former possesses a purple band shaped like a cloud along the midrib of leaves and separate spikes, whereas the latter has no purple band on leaves and a central spike, whose characteristics correspond to our definition of the purple-cloud type and the pu- bescent type of C. kwangsiensis, respectively. Because the change of some characteristics such as the position of the spikes and the color of the coma bracts through different growth stages was known in several Curcuma species, 19) C. kwangsiensis is hardly ever divided into two varieties. However, our study demonstrated that 3 specimens of the purplecloud type had the identical trnK gene sequence, which was different from that of the other 2 specimens of the pubescent type. Although the phenotypic characteristics are not enough for classifying the varieties of C. kwangsiensis, the fact that there were two trnK genotypes in C. kwangsiensis might provide some collateral evidence for supporting Chen's classification. Moreover, the purple-cloud type of C. kwangsiensis had an identical sequence to that of the Japanese population of C. zedoaria, while the pubescent type of C. kwangsiensis was closer to C. wenyujin than to its purple-cloud type in the phylogenetic tree based on our data. These findings suggest that both types of C. kwangsiensis would be considered not varieties of C. kwangsiensis, but independent species. To resolve this taxonomic problem, gene analysis of Curcuma species distributed in Asia, including the genuine C. zedoaria and C. aeruginosa, will continue to be performed.
In earlier Chinese botanical literature, "Yujin" was given the scientific name C. aromatica, and that produced in Zhejiang, especially called "Wenyujin," was named C. aromatica SALISB. cv. Wenyujin Y. H. CHEN. According to Chen's investigation, "Wenyujin" was described as different from C. aromatica in having glabrous leaves and white collora lobes, and also as containing more guaiane-and germacrane-types of sesquiterpenoids. The genuine C. aromatica has abaxially pubescent leaves and rose-colored collora lobes, and contains more curcuminoids and fewer sesquiterpenoids. 15) Our study supported Chen's viewpoint that C. wenyujin was an independent species, not closely related to C. aromatica, moreover suggested that this species was close to the pubescent type of C. kwangsiensis in phylogenetic relationship.
In conclusion, molecular analysis of the plastid trnK gene could provide novel information for determining the phylogenetic relationship, taxonomic combination, and identification of Curcuma plants. The relatively variable sites in the non-coding region of the trnK intron among Curcuma species means that it might be possible to design a speciesspecific primer probe as used in the method such as Amplification Refractory Mutation System (ARMS), to identify Curcuma drugs more conveniently.
